Introduction
============

Treatment of bone infections, especially chronic osteomyelitis, continues to trouble orthopedic surgeons not only because of the increased antibiotic drug resistance resulting from biofilms but also because of the reduced blood supply at the site of infection, which makes systemic antibiotic treatment less effective.[@b1-ijn-12-1841] Local sustained-release antibiotic systems developed in recent years are one of the most effective methods to manage chronic osteomyelitis,[@b2-ijn-12-1841] because the infectious dead space is eliminated and the concentration of local antibiotic is increased. Additionally, these systems decrease the plasma drug concentration, which in turn decreases systemic toxicity and side effects. However, polymethyl methacrylate (PMMA), the most common local antibiotic carrier material currently used in the clinic, has many disadvantages. These include heat production during loaded scaffold synthesis, which can result in the destruction of loaded drug and, potentially, the surrounding tissues, the requirement for surgery to remove the scaffold because it is nonabsorbable, thus increasing the chance for infection, and diminishing bone regeneration and conduction.[@b2-ijn-12-1841],[@b3-ijn-12-1841] Therefore, antibiotic-loaded carrier fabricated with absorbable and osteogenic novel materials is of increasing interest.[@b4-ijn-12-1841] The bone-like hydroxyapatite/poly amino acid (BHA/PAA) scaffold is a novel curable biodegradable porous bone restorative material developed in our laboratory in association with Sichuan Guona Science and Technology Co. Ltd., Chengdu, People's Republic of China.[@b5-ijn-12-1841] It is polymerized in situ using BHA and PAA, which combines the favorable mechanical properties of BHA and the biocompatibility and biodegradable characteristics of PAA. By adjusting the proportion of BHA and PAA, the rate and speed of its degradation can be adjusted, suggesting that the scaffold has great potential as a bone repair and drug carrier.[@b6-ijn-12-1841] Our previous research verified that the biostructure of this scaffold was very similar to human bone in terms of its porosity and biodegradability, further supporting its potential as an ideal drug delivery carrier. Vancomycin-loaded BHA/PAA (V-BHA/PAA) bony scaffold was successfully fabricated using a homogeneous diffusion control system. Herein, to systematically evaluate its drug-release properties and antimicrobial activity, in vitro and in vivo experiments were performed by following National Committee for Clinical Laboratory Standards guidelines, specifically for experimentation on animals. Moreover, the Ethics Committee of Chongqing Emergency Medical Center also approved this study.

Materials and methods
=====================

Fabrication of V-BHA/PAA scaffold and groups
--------------------------------------------

The emulsion solvent evaporation method was used to synthesize vancomycin-encapsulated poly(lactic-co-glycolic acid) microspheres. A homogeneous method using a diffusion control system was used to incorporate vancomycin-loaded poly(lactic-co-glycolic acid) microspheres into the BHA/PAA scaffold (provided by Sichuan Guona Science and Technology Co. Ltd). The final vancomycin content in the scaffold was 8 wt%. Preparation of vancomycin-loaded PMMA (V-PMMA): 80 mg of vancomycin powder (Eli Lilly and Company, Clinton, IN, USA) and 1 mL of curing liquid were added to 920 mg of PMMA powder (DePuy Synthes Company, West Chester, PA, USA). After thorough mixing, this cement was processed into the same size and shape as the V-BHA/PAA scaffold before curing. The final vancomycin content in V-PMMA was the same as V-BHA/PAA. For the in vitro tests, V-BHA/PAA, V-PMMA, and BHA/PAA were all processed into disks of 6 mm in diameter and 1 mm in thickness. For the in vivo tests, materials were processed into granules of 1.5×0.5×0.5 cm and sterilized by low-temperature plasma before use. In drug-release tests, groups included the experimental group (V-BHA/PAA) and the positive control group (V-PMMA) (n=5). The grouping for the in vitro antibacterial tests was carried out according to the type of infecting bacteria (regular group \[regular *Staphylococcus aureus* group\] and methicillin-resistant *S. aureus* \[MRSA\] group), and then subgrouped according to the type of implanted material. Each group was divided into VC (V-BHA/PAA), VUC (BHA/PAA), PC (V-PMMA), and NC (simulated body fluid \[SBF\]) subgroups. Similarly, groups for the in vivo tests included the regular *S. aureus* group and the MRSA group, and each group was also divided into VC, PC, VUC, and NC subgroups, respectively.

Culture and identification of experimental bacteria
---------------------------------------------------

The regular *S. aureus* and MRSA bacterial strains were both provided by the clinical laboratory of the Fourth People's hospital in Chongqing City. The minimum inhibitory concentration (MIC) for vancomycin was determined to be 2 mg/L by the medium dilution method for both strains. After thawing, bacterial lines were cultured at 37°C for 24 h. After confirming by morphological identification that all bacterial cultures were pure, they were transferred into phosphate buffer solution to prepare a bacterial suspension at 1×10^8^ CFU/mL.

Establishment of the chronic osteomyelitis model
------------------------------------------------

Chronic osteomyelitis of tibia metaphysis in New Zealand white rabbits (provided by the Animal Experimental Center of Chongqing Medical University, Chongqing City, People's Republic of China) was induced according to the method of Lu Minpeng et al.[@b7-ijn-12-1841] The severity of osteomyelitis was graded according to gross observation and radiography scores.[@b8-ijn-12-1841],[@b9-ijn-12-1841] From those diagnosed with chronic osteomyelitis (scored at level 2 or higher), two rabbits were randomly chosen for sacrifice to harvest bone specimens. After sectioning and staining, the focus bone specimens were observed by microscopy to further confirm osteomyelitis. Moreover, bacteria culturing of the lesion marrow tissue from each rabbit was performed, and only the rabbits carrying the same infectious organism as the one inoculated could be used as experimental models.

Drug-release test in vitro
--------------------------

Samples of 105 mg of V-BHA/PAA and V-PMMA were separately added into a 20 mL centrifuge tube. After adding 10 mL of SBF, the centrifuge tube was vibrated in a constant temperature vibrator at 30 rpm and 37°C. The elution was harvested every 2 days, then an additional 10 mL SBF was added, and the tube was continually vibrated until vancomycin could not be detected in the elution. The level of vancomycin in the elution was detected by high performance liquid chromatography (the lower detection limit was 0.2 mg/L). At every time point, the test was repeated five times, and the average value was taken as the final value. The chromatographic conditions were as follows: analytical column (4.6×250 mm, 5 mm), guard column (4×4 mm, 5/pkg), detection wave length 236 nm, flow velocity 1.0 mL/min, and mobile phase: 0.05 mol/L of potassium dihydrogen phosphate solution (pH =3.2)/methanol/acetonitrile (87:10:3). A standard curve was created using a vancomycin standard solution, and the regression analysis was carried out by plotting the concentration (C) vs peak area ratio (A) (C =4.75A +0.7145 \[*r*=0.9997\]).

Antibacterial zone assay
------------------------

The materials were separately placed into the center of the Müeller-Hinton agar (1.5%) under sterile conditions just before its solidification. Vancomycin was allowed to diffuse from the materials into the agar for 4 h before 100 µL of bacterial inoculum (1×10^8^ CFU/L) was spread over the agar plate. After the plates were incubated at 37°C for 5 days, the bacterial growth around the material was measured, and the diameters of the inhibition zone of the three materials were compared.

Determination of bacteriostatic ratio
-------------------------------------

The leaching solutions of each material were prepared in similar fashion to the drug-release test until the bacteriostatic ratio was lower than 50%. The leaching solutions were then mixed with 4 mL of Müeller-Hinton broth and overnight inocula (at a final absorbance value of 0.1 at 625 nm) according to the group. After incubation at 37°C on a shaker (50 rpm) for 12 h, the absorbance value at 625 nm was measured. The bacteriostatic ratio was calculated using the following equation: $$\text{Bacterial}\ \text{inhibition}\left( \% \right) = \frac{\text{Ac} - \text{Ae}}{\text{Ac}} \times 100\%$$Ac: absorbance value of NC group; Ae: absorbance value of experimental groups.[@b10-ijn-12-1841]

Scanning electron microscopy (SEM)
----------------------------------

Disk-shaped materials were dipped into two types of bacterial suspensions (regular *S. aureus* and MRSA) at 1.5×10^6^ CFU/mL and incubated at 37°C for 3 h. After washing, fixation, dehydration, replacement, drying, and metal spraying, the materials with the adherent bacteria were observed by SEM.

In vivo tests
-------------

After anesthesia by intravenous injection using 3% pentobarbital sodium and disinfection, the initial incision was reopened to expose the tibia metaphysis. Next, a bone window of 2.0×1.0 cm was opened in the proximal tibia, followed by debridement and irritation of the infectious focus. Finally, 3 g of material was implanted separately into the medullary canal according to the specific group (nothing in the NC group). Postoperatively, all animals were monitored daily for activity, body temperature, weight, and appearance of the wound. Before the operation and every 2 weeks thereafter, venous blood samples were taken to determine the white blood cell (WBC) count. X-rays on the operative limbs were performed preoperatively, immediately postoperatively, and at the final time point under uniform exposure conditions to assess the progress of bone infection using Norden's radiography score.[@b8-ijn-12-1841] Additionally, two model animals from every group were chosen randomly at the preoperative time point and the final time point for bone specimen harvest from the operative area after sacrifice. The harvested bone specimens were scored on the basis of the system of Smeltzer et al,[@b9-ijn-12-1841] using microscopy of the bone section and hematoxylin and eosin staining. At the same time, bone specimens of the operative area from two additional model animals from every group were harvested under sterile conditions. After carefully removing the implants, the specimens were weighed, crunched by sterile rongeur, and ground to bone meal by mortar, followed by homogenization for 5 min using a T-25 homogenizer (10,000 rpm) after adding 10 mL of phosphate buffer solution per 100 g bone meal. The homogenate of every model animal was harvested and diluted ten times, and a 0.1 mL dilution was spread on a blood agar plate. After incubating for 48 h at 37°C, the colonies were counted, and the bacterial count per 1 g of bone specimen was calculated. For statistical analysis, the negative culture was determined to be 2×10^3^ CFU/g (corresponding to the limit of detection).

Statistical analysis
--------------------

Data were analyzed using the Statistical Package for the Social Sciences (SPSS) version 11.0 (SigmaStat; SPSS Inc., Chicago, IL, USA), and the results were reported as the mean ± standard deviation. An independent sample *t*-test was used to compare the diameter of the antibacterial ring and vancomycin content between groups. A one-way analysis of variance (ANOVA) test was used to compare body weight, WBC count, scores of X-ray, and histology. In addition, Kruskal--Wallis *H* test was applied to assess differences in bacterial count between groups. Significant differences had *P*-values of less than 0.05.

Results
=======

Drug-release test
-----------------

As shown in [Figure 1](#f1-ijn-12-1841){ref-type="fig"}, during the first 48 h, vancomycin in either the PC group or the VC group was released relatively rapidly, followed by a period of slow and sustained release. More specifically, in vitro release of vancomycin from the V-BHA/PAA scaffold was a three-phase process with a second release peak on day 20. The release of vancomycin from V-PMMA was characterized by an early burst release without the second release peak. As shown in [Figure 2](#f2-ijn-12-1841){ref-type="fig"}, the cumulative amount of vancomycin released from V-BHA/PAA during the first 48 h was 43.02%, increasing to 89.22% on day 38, after which nothing was detected (the lower detection limit was 0.2 mg/L). In total, there were 30 days when the concentration of vancomycin stayed above its MIC for *S. aureus* (MIC~90~ =1 mg/L). Correspondingly, the amount of vancomycin release from V-PMMA during the first 48 h and at the final time point was 41.15% and 86.86%, respectively, and not significantly different from V-BHA/PAA (*P*=0.621, *P*=0.133), although its duration of sustained release above the MIC~90~ (18 days) was significantly shorter than that of V-BHA/PAA (*P*=0.005, *P*=0.015).

Antibacterial zone assay
------------------------

As shown in [Figure 3](#f3-ijn-12-1841){ref-type="fig"}, the agar plates containing the BHA/PAA scaffold were completely covered with bacteria after 5 days of incubation. In contrast, the growth of *S. aureus* and that of MRSA were both inhibited in the regions around the V-BHA/PAA and V-PMMA materials. However, as shown in [Table 1](#t1-ijn-12-1841){ref-type="table"}, the diameter of the zone of inhibition on the plates with V-BHA/PAA was much larger than that with V-PMMA (*P*\<0.05).

Determination of bacteriostatic ratio
-------------------------------------

The GB-15979 guideline states that material with an inhibition of bacterial growth ≥50% can be regarded as having antibacterial activity, while material with an inhibition of bacterial growth ≥90% can be regarded as having excellent antibacterial activity. The antibacterial activity of V-BHA/PAA toward the two bacterial strains lasted for more than 28 days (51.59% of regular *S. aureus* and 50.91% of MRSA growth was inhibited on day 28). The antibacterial activity of V-PMMA decreased rapidly after 12 days and lasted for just 14 days (61.68% of regular *S. aureus* and 54.74% of MRSA growth was inhibited on day 14). The BHA/PAA scaffold did not provide any antibacterial effects, providing less than 20% inhibition of growth of either bacteria ([Figures 4](#f4-ijn-12-1841){ref-type="fig"} and [5](#f5-ijn-12-1841){ref-type="fig"}).

Observation of bacterial colonization by SEM
--------------------------------------------

As shown in [Figures 6](#f6-ijn-12-1841){ref-type="fig"} and [7](#f7-ijn-12-1841){ref-type="fig"}, bacteria were observed adhering as lumps or in a linear distribution to the surface of the BHA/PAA material by SEM in both the regular *S. aureus* and MRSA groups. However, fewer bacteria were observed on the surface of V-BHA/PAA and V-PMMA, presenting as a diffused distribution.

General observations from the in vivo tests
-------------------------------------------

There were two animals in subgroups VUC and NC of the regular *S. aureus* group, one animal in subgroup PC, and two animals in subgroup NC of the MRSA group that died from severe infection, as confirmed by autopsy. The remaining animals recovered from surgery over the course of the experiment. One animal in subgroup NC of the regular *S. aureus* group and one in subgroup VUC of the MRSA group were observed to have a pathologic fracture in the operation area. The body weight of all animals consistently decreased over the first 2 weeks after debridement. After this time, the body weight of animals from subgroups VC and PC of both bacterial strains increased continuously until at 8 weeks postsurgery, they exceeded their initial weight. However, the body weight of animals from subgroups VUC and NC decreased throughout the entire course of the experiment. At the end of the experiment, the mean body weight had increased significantly in subgroups VC and PC of both bacterial strains and significantly decreased in subgroups VUC and NC ([Figure 8](#f8-ijn-12-1841){ref-type="fig"}). Although the body temperatures fluctuated after every operation, they were not significantly different at the time of sacrifice compared with the preoperative levels within a group or among groups (data not shown).

Venous WBC count
----------------

As shown in [Figure 9](#f9-ijn-12-1841){ref-type="fig"}, the WBC count in every group increased gradually during the first 2 weeks, followed by a decrease in subgroups VC and PC of the two groups, ultimately falling below the level at pretreatment. However, the WBC count in subgroups VUC and NC of the two groups continued to rise so that the final count was significantly higher than the preoperative level.

Radiographic performance
------------------------

All or some of the typical signs of chronic osteomyelitis, including destruction of bone, sequestral bone formation, periosteal reaction, bone sclerosis, and soft tissue swelling, were observed radiographically in every group before the treatment operation ([Figure 10](#f10-ijn-12-1841){ref-type="fig"}). At postoperative week 6, varying degrees of elimination of bone infection were observed on the X-ray plates of the two bacteria groups ([Figure 10](#f10-ijn-12-1841){ref-type="fig"}). When we compared the extent of elimination of infection between the two bacteria groups, subgroups VC and PC were significantly more improved than subgroups VUC and NC, and subgroup VC was more improved than subgroup PC ([Table 2](#t2-ijn-12-1841){ref-type="table"}). As shown in [Figure 11](#f11-ijn-12-1841){ref-type="fig"}, compared with pretreatment, the Norden's osteomyelitis scores of subgroups VC and PC from the two bacterial groups were both significantly improved, while those of subgroups VUC and NC did not improve. Subgroup VC from both bacterial groups showed the best improvement, subgroup PC the second best, while a comparison of subgroups VUC and NC showed no significant difference.

Histological characteristics
----------------------------

As shown in [Figure 12](#f12-ijn-12-1841){ref-type="fig"}, the histological characteristics of both the regular *S. aureus* and MRSA groups were comparable. Subgroup VC of the two bacterial groups exhibited mild infiltration of inflammatory cells and fibrosis accompanied by new bone formation located at the interface of the material and bone. No obvious new bone formation was observed in subgroup PC, although infiltration of inflammatory cells and fibrosis was more obvious than in subgroup VC. Various degrees of osteomyelitis features, such as inflammatory reaction of bone or periosteum and bone necrosis, were exhibited in subgroups VUC and NC. A large number of neutrophils or mononuclear cells and significant fibrosis were observed surrounding the materials without obvious new bone formation, indicating that a serious inflammatory response would restrain bone regeneration. As shown in [Figure 13](#f13-ijn-12-1841){ref-type="fig"}, the histological scores of the corresponding subgroups of the two bacterial strains were not significantly different. The scores of subgroups VC and PC at week 12 after treatment were considerably below those at pretreatment, while those of subgroups VUC and NC showed no obvious differences. A comparison of the Norden scores among the subgroups at the end of treatment indicated subgroup VC \< subgroup PC \< subgroup VUC or NC, with no difference between subgroups VUC and NC.

Microbiological characterization
--------------------------------

The best evidence of infection elimination was obtained from the microbiological inspection. In this test, no bacteria could be cultured from 9 out of 12 animals from regular subgroup VC and 6/12 from subgroup PC, which was significantly higher than other subgroups of this group (regular-VUC: 3/12, regular-NC: 2/12). Likewise, in the MRSA group, 8/12 or 5/12 animals of the VC or PC subgroup exhibited negative culture, which was significantly higher than in other subgroups (MRSA-VUC: 2/12, MRSA-NC: 2/12). The bacterial load per gram of bone is plotted in [Figure 14](#f14-ijn-12-1841){ref-type="fig"}. As shown, bacterial load per gram of bone between the two bacterial strains have no significant difference. However, significantly lower bacterial load was shown in subgroups VC and PC from the two groups than prior treatment level (*P*\>0.01), while that of subgroups VUC and NC showed no difference (*P*\>0.05). The results of comparison among subgroups at the end of treatment were as follows: subgroup VC \< subgroup PC \< subgroup VUC or NC, and no difference between subgroup VUC and NC.

Discussion
==========

Chronic osteomyelitis is often secondary to open fracture, bacteremia, and adjacent soft tissue infection. The incidence of bone infection followed by open fracture can approach 27%.[@b11-ijn-12-1841] Along with increasing incidents of diabetic foot infection and peripheral vascular disease, chronic osteomyelitis resulting from adjacent soft tissue has become increasingly common.[@b12-ijn-12-1841] The most typical pathogen involved in adult bone and joint infection is *S. aureus*. In recent years, a growing number of MRSA were cultured from osteomyelitis patients. In fact, more than one-third of the isolated *S. aureus* strains from adult infectious bones were identified as MRSA.[@b13-ijn-12-1841] In clinic, diagnosis of chronic osteomyelitis includes typical manifestation of the condition as well as physical examination, lab and radiographic detection, of which microbial culture of the infection is the most valuable. Positive results of bone biopsy associated with typical necrotic histopathology are generally recognized as the gold standard for diagnosing chronic osteomyelitis.[@b14-ijn-12-1841] In this study, only animals with bone biopsy results in line with the initially inoculated bacteria and typical histological characteristics were chosen as models for further study.

Surgical debridement and prolonged parenteral antibiotic administration constitute the current main therapeutic measures to treat chronic osteomyelitis. However, the recurrence rate is high, reportedly up to 30% at 12 months after surgery.[@b15-ijn-12-1841] The involvement of biofilm in the infection is related to the diversity of clinical symptoms observed in chronic osteomyelitis and the variability in the course of the disease.[@b16-ijn-12-1841] Generally, necrotic tissue including sequestrum induces the formation of biofilm because necrotic tissue takes the form of a foreign body in vivo and becomes infected by bacteria. Initially, the parasitic bacteria colonize the surface of the necrotic tissue, and then enter into the three-dimensional structure of the necrotic tissue and undergo geometric proliferation. The bacteria can communicate with each other via autoinduction (chemical signals) either within or between bacterial communities.[@b17-ijn-12-1841] In this way, a defensive barrier is formed to protect the bacteria from the attack of the host immune system and antibiotic treatment. Therefore, to cure chronic osteomyelitis, similar to the treatment for cancer, it is often necessary to radically excise the infected area together with the surrounding healthy bone and soft tissues.[@b18-ijn-12-1841] However, generally surgical debridement and excision are not sufficient, and antibiotics must also be administered.[@b19-ijn-12-1841] Because bacteria can still be present inside the dead spaces and defects after debridement, recurrence of infection is possible if antibiotic treatment is not persistent enough to kill the residual bacteria. In this study, in the two control groups (subgroups VUC and NC) that were debrided without antibiotic treatment, the recurrence rate of infection was more than 70% at 12 weeks postsurgery.

Vancomycin, a glycopeptide antibiotic, is administered primarily to prevent and treat the infection caused by gram-positive bacteria, especially drug-resistant strains.[@b20-ijn-12-1841] The increase of drug-resistant bacteria including MRSA involved in chronic osteomyelitis has led to the use of vancomycin as the first-line antibiotic of choice to treat chronic osteomyelitis in the clinic. However, vancomycin is mainly administered systemically by intravenous administration in the clinic, which can cause severe nephrotoxicity and ototoxicity. In addition, the lack of blood supply to the infectious area limits the amount of antibiotic that can reach the site, potentially decreasing the beneficial effect contributing to drug-resistant bacteria.[@b21-ijn-12-1841] Instead, local sustained antibiotic delivery systems have many advantages. The side and toxic effects of the antibiotic are decreased because the blood concentration is lowered, while local antibiotic delivery can maintain a relatively high concentration for a longer time.[@b22-ijn-12-1841] Furthermore, local sustained release of antibiotics contributes to decreasing the appearance of drug-resistant organisms by improving the bioavailability of antibiotics through site-and time-specific delivery.[@b23-ijn-12-1841] The vancomycin-loaded BHA/PAA scaffold fabricated by our group has the capacity to persistently release drugs at the desired site. The drug delivery testing demonstrated that V-BHA/PAA could stably release loaded vancomycin in vitro and in vivo. Over the first 48 h, vancomycin was released more rapidly, followed by a period of sustained slow release. The period of early rapid release helps to immediately increase the local drug concentration so that most of the pathogens are killed as quickly as possible. The period of sustained delivery helps to maintain a local effective bactericidal concentration for a prolonged period of time to kill the residual pathogens. Because of its three-phase delivery feature with two release peaks, V-BHA/PAA had relatively long-term vancomycin delivery, 38 days in vitro and 42 days in vivo, which corresponded with the requirements of antibiotics used to treat chronic osteomyelitis (4--6 weeks).

To systematically evaluate the antibacterial functions of V-BHA/PAA as well as the influence of processing the local in vivo environment on its antimicrobial activity, antibacterial tests in vitro and in vivo were designed. The results demonstrated that V-BHA/PAA showed significant and consistent bactericidal effects in vitro and in vivo toward both regular *S. aureus* and MRSA. Moreover, the bactericidal effect of V-BHA/PAA was obviously stronger than that of V-PMMA, the most commonly used local antibiotic delivery system in the clinic to date. Based on the GB-15979 guideline, the antibacterial duration of V-BHA/PAA toward regular *S. aureus* or MRSA exceeded 28 days in vitro, while that of V-PMMA lasted only 14 days. The duration and amount of persistent vancomycin delivery from the V-BHA/PAA scaffold were both far superior to those of V-PMMA. The antibacterial curve of V-BHA/PAA in vitro was found to almost coincide with its vancomycin delivery curve, which indicated that the BHA/PAA material could control the delivery of vancomycin to prolong the duration of its antibacterial action, but also effectively maintain the antibacterial activity of the loaded vancomycin. Likewise, in vivo treatment with V-BHA/PAA was effective at treating chronic osteomyelitis generated by regular *S. aureus* and MRSA. After treatment by debridement and implantation of V-BHA/PAA scaffold, the infection index of each animal, including their general condition, blood WBC count, radiography, and histology, showed improvements over the control groups. Furthermore, local bacterium quantitation of the V-BHA/PAA treated group also revealed that almost all infection was eliminated. Ultimately, the curative ratio of chronic osteomyelitis after treatment with the V-BHA/PAA scaffold reached 75% for regular *S. aureus* and 66.67% for MRSA, which significantly exceeded that of V-PMMA (50% and 41.67%, respectively).

Conclusion
==========

The vancomycin released from the V-BHA/PAA scaffold, a novel vancomycin-loaded bone repair material, was an effective antibacterial agent in vitro and in vivo toward both regular *S. aureus* and MRSA. Moreover, the antibacterial activity of the V-BHA/PAA scaffold was significantly superior to V-PMMA. Its biodegradability and inductive osteogenesis potentially make V-BHA/PAA an ideal option for treating chronic bone infection.[@b24-ijn-12-1841] Nevertheless, in this study, we also determined that this protocol of debridement combined with implantation of the V-BHA/PAA scaffold could not completely cure every case, implying that it would be necessary to include other treatments, such as systemic antibiotics. In addition, the long-term effects and risks, when PMMA was removed or V-BHA/PAA was allowed, were not assessed. Therefore, further work is required to expand upon this research.
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![Release curve of vancomycin in vitro.\
**Abbreviations:** VC, vancomycin-loaded bone-like hydroxyapatite/poly amino acid group; PC, vancomycin-loaded polymethyl methacrylate group.](ijn-12-1841Fig1){#f1-ijn-12-1841}

![Cumulative release percentage of vancomycin.\
**Abbreviations:** VC, vancomycin-loaded bone-like hydroxyapatite/poly amino acid group; PC, vancomycin-loaded polymethyl methacrylate group.](ijn-12-1841Fig2){#f2-ijn-12-1841}

![Whether on regular *S. aureus* or MRSA, VC subgroup both showed strongest antibacterial activity.\
**Abbreviations:** MRSA, methicillin-resistant *Staphylococcus aureus*; VUC, bone-like hydroxyapatite/poly amino acid group; PC, vancomycin-loaded polymethyl meth acrylate group; SV, standard vancomycin; VC, vancomycin-loaded bone-like hydroxyapatite/poly amino acid group.](ijn-12-1841Fig3){#f3-ijn-12-1841}

![Antibacterial rate curve on regular *S. aureus*.\
**Note:** Each data point represents a mean ± standard deviation (n=5).\
**Abbreviations:** *S. aureus*, *Staphylococcus aureus*; VUC, bone-like hydroxyapatite/poly amino acid group; PC, vancomycin-loaded polymethyl meth acrylate group; VC, vancomycin-loaded bone-like hydroxyapatite/poly amino acid group.](ijn-12-1841Fig4){#f4-ijn-12-1841}

![Antibacterial rate curve on MRSA.\
**Note:** Each data point represents a mean ± standard deviation (n=5).\
**Abbreviations:** MRSA, methicillin-resistant *Staphylococcus aureus*; VUC, bone-like hydroxyapatite/poly amino acid group; PC, vancomycin-loaded polymethyl methacrylate group; VC, vancomycin-loaded bone-like hydroxyapatite/poly amino acid group.](ijn-12-1841Fig5){#f5-ijn-12-1841}

![Adhesion of regular *S. aureus* on the surface of scaffolds under SEM ×1 k.\
**Abbreviations:** SEM, scanning electron microscopy; *S. aureus*, *Staphylococcus aureus*; VUC, bone-like hydroxyapatite/poly amino acid group; PC, vancomycin-loaded polymethyl meth acrylate group; VC, vancomycin-loaded bone-like hydroxyapatite/poly amino acid group.](ijn-12-1841Fig6){#f6-ijn-12-1841}

![Adhesion of MRSA on the surface of scaffolds under SEM ×2 k.\
**Abbreviations:** MRSA, methicillin-resistant *Staphylococcus aureus*; SEM, scanning electron microscopy; VUC, bone-like hydroxyapatite/poly amino acid group; PC, vancomycin-loaded polymethyl methacrylate group; VC, vancomycin-loaded bone-like hydroxyapatite/poly amino acid group.](ijn-12-1841Fig7){#f7-ijn-12-1841}

![The change of body weight.\
**Notes:** Regular-VC referred to subgroup VC of regular *S. aureus* group, and so on. Comparison of weight between pretreatment and the end time: regular-VC: *P*=0.007; regular-PC: *P*=0.09; regular-VUC: *P*=0.02; regular-NC: *P*=0.04; MRSA-VC: *P*=0.01; MRSA-PC: *P*=0.08; MRSA-VUC: *P*=0.04; MRSA-NC: *P*=0.02.\
**Abbreviations:** MRSA, methicillin-resistant *Staphylococcus aureus*; VC, vancomycin-loaded bone-like hydroxyapatite/poly amino acid group; VUC, bone-like hydroxyapatite/poly amino acid group; PC, vancomycin-loaded polymethyl meth-acrylate group; NC, simulated body fluid group.](ijn-12-1841Fig8){#f8-ijn-12-1841}

![The change of venous WBC count.\
**Notes:** Regular-VC referred to subgroup VC of regular *S. aureus* group, and so on. Comparison of WBC count between pretreatment and the end time: regular-VC: *P*=0.03; regular-PC: *P*=0.04; regular-VUC: *P*=0.008; regular-NC: *P*=0.005; MRSA-VC: *P*=0.02; MRSA-PC: *P*=0.04; MRSA-VUC: *P*=0.006; MRSA-NC: *P*=0.006.\
**Abbreviations:** WBC, white blood cell; MRSA, methicillin-resistant *Staphylococcus aureus*; VC, vancomycin-loaded bone-like hydroxyapatite/poly amino acid group; VUC, bone-like hydroxyapatite/poly amino acid group; PC, vancomycin-loaded polymethyl meth acrylate group; NC, simulated body fluid group.](ijn-12-1841Fig9){#f9-ijn-12-1841}

![Radiographic performance.\
**Notes:** Regular-Pre means presurgery in the regular *S. aureus* group; the solid arrow (→) represents a bone defect; the arrowhead (⇨) represents reactive ossification; the swallowtail arrowhead ( ![](ijn-12-1841Fig15.jpg)) represents the enlarged medullary cavity; the circle represents bone healing.\
**Abbreviations:** MRSA, methicillin-resistant *Staphylococcus aureus*; VC, vancomycin-loaded bone-like hydroxyapatite/poly amino acid group; VUC, bone-like hydroxyapatite/poly amino acid group; PC, vancomycin-loaded polymethyl methacrylate group; NC, simulated body fluid group.](ijn-12-1841Fig10){#f10-ijn-12-1841}

![Radiographic score before and after treatment.\
**Notes:** Comparison of Norden scores between before and after treatment: regular-VC: *P*=0.003, regular-PC: *P*=0.003, regular-VUC: *P*=0.10, regular-NC: *P*=0.11, MRSA-VC: *P*=0.005, MRSA-PC: *P*=0.009, MRSA-VUC: *P*=0.14, MRSA-NC: *P*=0.12; Comparison among subgroups after treatment: regular-VC vs regular-PC and MRSA-VC vs MRSA-PC: *P*=0.03; regular-VC vs regular-VUC, regular-VC vs regular-NC, MRSA-VC vs MRSA-VUC and MRSA-VC vs MRSA-NC: *P*=0.003; regular-PC vs regular-VUC, regular-PC vs regular-NC, MRSA-PC vs MRSA-VUC and MRSA-PC vs MRSA-NC: *P*=0.007; regular-VUC vs regular-NC and MRSA-VUC vs MRSA-NC: *P*=0.08, No statistical difference in corresponding subgroups between regular group and MRSA group (*P*\>0.05).\
**Abbreviations:** MRSA, methicillin-resistant *Staphylococcus aureus*; VC, vancomycin-loaded bone-like hydroxyapatite/poly amino acid group; VUC, bone-like hydroxyapatite/poly amino acid group; PC, vancomycin-loaded polymethyl meth-acrylate group; NC, simulated body fluid group.](ijn-12-1841Fig11){#f11-ijn-12-1841}

![Histological performance (H&E staining, ×100).\
**Notes:** Regular-Pre means presurgery in the regular *S. aureus* group; the solid arrow (➔) indicates inflammatory cell infiltration; the arrowhead ( ![](ijn-12-1841Fig16.jpg)) indicates new chondrogenesis; the swallowtail arrowhead ( ![](ijn-12-1841Fig17.jpg)) indicates new trabecular bone formation. Magnification ×100.\
**Abbreviations:** H&E, hematoxylin and eosin; MRSA, methicillin-resistant *Staphylococcus aureus*; VC, vancomycin-loaded bone-like hydroxyapatite/poly amino acid group; VUC, bone-like hydroxyapatite/poly amino acid group; PC, vancomycin-loaded polymethyl methacrylate group; NC, simulated body fluid group.](ijn-12-1841Fig12){#f12-ijn-12-1841}

![Histological score before and after treatment.\
**Notes:** Pre means pretreatment. Comparison of histological scores between before and after treatment: regular-VC: *P*\<0.001, regular-PC: *P*=0.03, regular-VUC: *P*=0.14, regular-NC: *P*=0.16, MRSA-VC: *P*\<0.001, MRSA-PC: *P*=0.02, MRSA-VUC: *P*=0.31, MRSA-NC: *P*=0.52; Comparison among subgroups after treatment: regular-VC vs regular-PC and MRSA-VC vs MRSA-PC: *P*=0.03; regular-VC vs regular-VUC, regular-VC vs regular-NC, MRSA-VC vs MRSA-VUC and MRSA-VC vs MRSA-NC: *P*=0.009; regular-PC vs regular-VUC, regular-PC vs regular-NC, MRSA-PC vs MRSA-VUC and MRSA-PC vs MRSA-NC: *P*=0.04; regular-VUC vs regular-NC and MRSA-VUC vs MRSA-NC: *P*=0.17, No statistical difference in corresponding subgroups between regular group and MRSA group (*P*\>0.05).\
**Abbreviations:** MRSA, methicillin-resistant *Staphylococcus aureus*; VC, vancomycin-loaded bone-like hydroxyapatite/poly amino acid group; VUC, bone-like hydroxyapatite/poly amino acid group; PC, vancomycin-loaded polymethyl methacrylate group; NC, simulated body fluid group.](ijn-12-1841Fig13){#f13-ijn-12-1841}

![Bacterial load per gram bone.\
**Notes:** Pre means pretreatment. Comparison of bacterial load between before and after treatment: regular-VC: *P*\<0.001, regular-PC: *P*=0.04, regular-VUC: *P*=0.21, regular-NC: *P*=0.35, MRSA-VC: *P*\<0.001, MRSA-PC: *P*=0.03, MRSA-VUC: *P*=0.19, MRSA-NC: *P*=0.16; Comparison among subgroups after treatment: regular-VC vs regular-PC and MRSA-VC vs MRSA-PC: *P*=0.03; regular-VC vs regular-VUC, regular-VC vs regular-NC, MRSA-VC vs MRSA-VUC and MRSA-VC vs MRSA-NC: *P*=0.006; regular-PC vs regular-VUC, regular-PC vs regular-NC, MRSA-PC vs MRSA-VUC and MRSA-PC vs MRSA-NC: *P*=0.03; regular-VUC vs regular-NC and MRSA-VUC vs MRSA-NC: *P*=0.15, No statistical difference in corresponding subgroups between regular group and MRSA group (*P*\>0.05).\
**Abbreviations:** MRSA, methicillin-resistant *Staphylococcus aureus*; VC, vancomycin-loaded bone-like hydroxyapatite/poly amino acid group; VUC, bone-like hydroxyapatite/poly amino acid group; PC, vancomycin-loaded polymethyl methacrylate group; NC, simulated body fluid group.](ijn-12-1841Fig14){#f14-ijn-12-1841}

###### 

Diameter of bacterial inhibition zone ( $\overline{x} \pm \text{SD}$, unit: mm)

  Bacterial strains     VC           PC           VUC
  --------------------- ------------ ------------ -----
  Regular *S. aureus*   25.49±2.58   11.82±1.38   0
  MRSA                  27.93±3.52   13.96±2.42   0

**Notes:** Regular *S. aureus*: VC group vs PC group, *P*=0.002; MRSA: VC group vs PC group, *P*=0.009.

**Abbreviations:** SD, standard deviation; MRSA, methicillin-resistant *Staphylococcus aureus*; VUC, bone-like hydroxyapatite/poly amino acid group; PC, vancomycin-loaded polymethyl meth acrylate group; VC, vancomycin-loaded bone-like hydroxyapatite/poly amino acid group.

###### 

The number of bone infection elimination cases (unit: cases, n=12)

  Groups         Regular *S. aureus* group   MRSA group
  -------------- --------------------------- ------------
  Subgroup VC    9                           8
  Subgroup PC    6                           5
  Subgroup VUC   1                           0
  Subgroup NC    1                           0

**Notes:** Elimination of bone infection defined as disappearance of typical infectious signs on X-ray. Regular-VC vs regular-PC and MRSA-VC vs MRSA-PC: *P*=0.03, regular-VC vs regular-VUC, regular-VC vs regular-NC, MRSA-VC vs MRSA-VUC and MRSA-VC vs MRSA-NC: *P*=0.003; regular-PC vs regular-VUC, regular-PC vs regular-NC, MRSA-PC vs MRSA-VUC and MRSA-PC vs MRSA-NC: *P*=0.008; regular-VUC vs regular-NC and MRSA-VUC vs MRSA-NC: *P*=0.09.

**Abbreviation:** MRSA, methicillin-resistant *Staphylococcus aureus*.
